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Abstract
A study of the J/ψ-meson production at large transverse momentum
in high energy γp collisions via the charm quark excitation in a photon
is presented. Based on perturbative QCD and the nonrelativistic quark
model, our calculation demonstrates that the charm content of a photon
may be very important for the J/ψ photoproduction at the large trans-
verse momentum. It is shown that at HERA energies J/ψ production via
the subprocess c(γ)g → J/ψc dominates over the resolved photon contri-
bution via the subprocess g(γ)g → J/ψg at p⊥ > 3 GeV/c and over the
direct photon-gluon fusion contribution at p⊥ > 10 GeV/c.
1 Introduction
The study of a different mechanisms of the inclusive J/ψ photoproduction on protons is
of a particular importance because the process of J/ψ production via photon-gluon fusion
plays a crucial role in the measurement of gluon structure function in a proton [1, 2, 3, 4].
Previous calculations of J/ψ photoproduction at large p⊥ have included direct charmo-
nium production via photon-gluon fusion using the colour singlet model [1, 2], diffractive
inelastic J/ψ production [5], resolved photon contributions via subprocesses gg → J/ψg,
gg → χ0,2 → J/ψγ [4] and J/ψ production from b quark decays [6]. Here we examine the
diffractive-like contribution of the charm quark excitation in a photon to the J/ψ photo-
production at large p⊥ via partonic subprocess c(γ)g → J/ψc, where charm quarks in the
initial state are not pure ”intrinsic” [7] but are generated by QCD evolution of the photon
structure functions (PSF) [8]. We suppose that at low Q2 the charm content of the photon
is virtually nil, but at Q2 of order m2c one has sufficient resolution to find charm quarks in
photon. Note, that in the processes of the J/ψ photoproduction at large p⊥ the relevant
QCD scale Q2 ∼M2ψ+ p2⊥ >> m2c . Our calculation is partly the same as the approach used
in Ref.[9] for description of the charm quark hadroproduction and based on the fact that
both the central and diffractive components of charm production can be understood in the
context of perturbative QCD. Recently we have presented the results of the calculations
for contributions of the intrinsic charm in the proton to the J/ψ photoproduction [10] and
hadroproduction [11].
The study of a photon structure function [8] in the resolved-photon interaction at HERA
energy and beyond is also very interested [12]. Usually it is supposed that at high energy
in the resolved-photon interaction the gluon content of a photon is dominant. In this paper
we show that in the J/ψ photoproduction at lager p⊥ via resolved-photon interaction the
charm content of a photon is more important and it is may be studied experimentally using
J/ψ plus open charm associated photoproduction.
1
2 Model
The process of the J/ψ photoproduction on a proton in the resolved-photon interaction is
schematically presented in Fig. 1. We start from the lowest order in αs amplitudes which
correspond the set of Feynman diagrams in Fig. 2. As usual in potential model, the quarko-
nium is represented as nonrelativistic quark-antiquark bound system in singlet colour state
with specified mass Mψ = 2mc ( mc is charm quark mass) and spin-parity J
p = 1−. The
amplitudes for subprocess c(γ)g → J/ψc can be expressed in the following form:
M1 = g
3T cT aT aU¯(q′)εˆg
qˆ′ − kˆ +mc
(k − q′)2 −m2c
γµ
Pˆ
(p− q)2 γµU(q), (1)
M2 = g
3T aT aT cU¯(q′)γµ
Pˆ
(p+ q′)2
γµ
kˆ + qˆ +mc
(k + q)2 −m2c
εˆgU(q), (2)
M3 = g
3T aT cT aU¯(q′)γµ
Pˆ
(q′ + p)2
εˆg
pˆ− kˆ +mc
(p− k)2 −m2c
γµU(q), (3)
M4 = g
3T aT cT aU¯(q′)γµ
kˆ − pˆ+mc
(p− k)2 −m2c
εg
Pˆ
(p− q)2 γµU(q), (4)
M5 = −ig3f bacT bT aU¯(q′)γρ Pˆ
(p+ q′)2
γσ
(q − p)2U(q)Cµσρε
µ
g , (5)
where
Cµσρ = (q + q
′)µgσρ − (p+ k + q′)σgµρ + (k − q + p)ρgµσ.
The spin and colour properties of the cc¯-bound system is described using projection operator
[1, 2]:
Pˆ =
FcΨ(0)
2
√
Mψ
εˆJ(pˆψ +Mψ), (6)
where Fc = δ
kr/
√
3, k and r are colour indexes of charm quarks, T a = λa/2. The value of
J/ψ wave function at the origin Ψ(0) can be extracted in the lowest order of perturbative
QCD from the leptonic decay width of the J/ψ:
Γee = 4pie
2
qα
2
|Ψ(0)|2
m2c
. (7)
We shall put in our calculation αs = 0.3, mc = 1.55 GeV, Γee = 5.4 KeV [9].
After average and sum over spins and colours of initial and final particles, we obtain the
expression for square of matrix element:
|M |2 = Bgc
5∑
i≤j=1
CijKij(sˆ, tˆ, uˆ), (8)
where
Bgc =
pi2α3sΓee
16α2mc
,
sˆ = (k + q)2, tˆ = (k − q′)2, uˆ = (q − q′)2 are usual Mandelstam variables and
sˆ+ tˆ+ uˆ = 6m2. The explicit analytical formula for functions Kij are given in Appendix.
2
The appropriate colour factors are:
C11 = C22 = C12 = C21 = 64/9,
C33 = C44 = C34 = C43 = 1/9,
C13 = C31 = C14 = C41 = C23 = C32 = C24 = C42 = −8/9,
C15 = C51 = C25 = C52 = 8,
C35 = C53 = C45 = C54 = −1, C55 = −9 (9)
The differential cross section for subprocess c(γ)g → J/ψc can be written as follows:
dσˆ
dtˆ
=
|M |2
16pi(sˆ−m2c)2
(10)
In the conventional parton model the measurable cross-section is obtained by folding the
hard parton level cross-section with the respective parton densities:
dσ
d2p⊥dy
=
∫
dx1
∫
dx2Cγ(x1, Q
2)Gp(x2, Q
2)
dσˆ
dtˆ
(cg → J/ψc)x1x2s
pi
δ(sˆ+ tˆ+ uˆ−M2ψ − 2m2c). (11)
Here: sˆ = x1x2s+m
2
c , tˆ =M
2
ψ+m
2
c−x1
√
sM⊥ exp(−y⋆), uˆ =M2ψ−x2
√
sM⊥ exp(y
⋆), M⊥ =√
M2ψ + p
2
⊥, where y is the J/ψ rapidity in c.m.s., p⊥ is the J/ψ transverse momentum,
Gp(x2, Q
2) is the gluon distribution function in a proton, at the scale Q2 =M2⊥, Cγ(x1, Q
2)
is the charm quark distribution function in a photon, s is the square of a total energy of
colliding particles in the γp center of mass reference frame. We use in calculations LO GRV
[14] parameterization for Gp(x2, Q
2) structure function. The input charm quark distribution
Cγ(x1, Q
2) demands the more careful consideration.
In all QCD motivated parton distributions of the photon [15] heavy quarks are considered
as an intrinsic massless parton whose distribution is generated according to the Altarelli–
Parisi equations. In spite of the fact that in the process of the J/ψ production at large
p⊥ the relevant scale Q
2 >> m2c and a resummation procedure of the perturbation series
(αs log(Q
2/m2c)
n is valid, we don’t use these parameterizations taking into account that
our consideration based on the full massive subprocesses. As it was shown in Ref. [16],
the concept of the massless intrinsic heavy quark distributions yield a overestimated result
for heavy quarks production at high energies. That is why more grounded to use ”hard”
phenomenological parameterization based on the vector-meson-dominance (VMD) model. In
the approach of VMD model the c-quark PSF is presented via the charm quark distribution
function of the J/ψ meson:
Cγ(x) = k
4piα
f2ψ
Cψ(x), (12)
with 1 ≤ k ≤ 2. The precise value of k clearly has to be extracted from experiment. Similar
to Ref. [17], where the photoproduction of charm hadrons in VMDmodel has been discussed,
we use for distribution charm quark in J/ψ-meson the simple scaling parameterization
Cψ(x) = 49.8x
1.2(1− x)2.45. (13)
We want to note that this parameterization takes into account heavy quark mass effects
[17], which are principal for our consideration.
Let us next consider the dynamical cutoff for the charm excitation processes. For the typ-
ical charm excitation diagram (Fig.2), the charm quark must receive sufficient transfer
3
momentum, which is necessary to excite cc¯ pair. This implies a minimum dynamical res-
olution |tˆ|min for the momentum transfer tˆ of the c(γ)g → J/ψc subprocesses. We choose
|tˆ|min = m2c , although the specification of the scale is uncertain by factors [9]. The depen-
dence of the our results from the choice of |tˆ|min will be discussed later.
3 Results and discussion
Because of the relevant QCD scale Q2 is order of M⊥, we consider at first p⊥ distribution
of the J/ψ-mesons which are generated in γp collisions via charm excitation in the photon.
Fig. 3 shows our predictions for J/ψ′s p⊥-spectra at the energy
√
sγp = 200 GeV. The solid
curve corresponds to the contribution of the photon-gluon fusion mechanism. The short-
dashed curves are contributions of the charm excitation subprocesses at different choice of
dynamical cutoff: upper curve corresponds to |tˆ|min = m2c , lower curve - |tˆ|min = 4m2c .
The long-dashed curve is the contribution of the resolved photon interaction via subprocess
g(γ)g → J/ψg. We can see that the result of calculation for charm excitation mechanism
is independent from |tˆ|min at p⊥ > 5 GeV/c. But in low p⊥ region one has strong suppres-
sion of the p⊥-spectrum versus |tˆ|min. So, our predictions, based on the charm excitation
mechanism, are realistic for large p⊥ where |tˆ|min cutoff influence is absent.
Fig. 3 demonstrates the crossing of the solid and short-dashed curves at p⊥ = 10 GeV/c
and at large p⊥ > 10 GeV/c the charm excitation mechanism dominates over the direct
photon-gluon fusion. The contribution of the resolved photon interaction via subprocess
g(γ)g → J/ψg is bigger the contribution of the c(γ)g → J/ψc subprocess only at p⊥ < 2
GeV/c. The rapidity distribution, which are presented in Fig. 4, also shows us the sufficient
role of the charm excitation process in the J/ψ photoproduction at large p⊥. We see that
the contribution of this one in the J/ψ’s rapidity spectrum at p⊥ > 7 GeV/c is dominant
in the wide rapidity region −0.7 < y⋆ < 2.0.
In the Fig. 5 the results of calculation for the total cross section of the J/ψ photoproduction
at p⊥ > 7 GeV/c versus
√
sγp are presented. The contribution of the subprocess c(γ)g →
J/ψc, which is independent of the dynamical cutoff at large p⊥, rapidly grows beginning with√
sγp = 40 GeV and at
√
sγp = 200 GeV one has σ(γg → J/ψg)/σ(c(γ)g → J/ψc) ≈ 1.8. At
the energies
√
sγp > 200 GeV the behaviour of the total cross sections both for the photon-
gluon fusion as for the charm excitation diagrams are the same and to be conditioned
by the gluon distribution function in the proton. The contribution of the resolved photon
interaction via subprocess g(γ)g → J/ψg in the total cross section at large p⊥ is two order
of magnitude smaller the contributions of the discussed above mechanisms.
Note, that we don’t take into consideration so-called K-factor which is needed as usual for
normalization of the leading order QCD predictions and experimental data. In the present
paper we accurately predict only relative contributions of the different J/ψ production
mechanism at large p⊥. The discussed here J/ψ photoproduction mechanism via the charm
quark excitation can be used also for prediction of the open charm production rates in γp
collisions at HERA energy and beyond [18].
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Figure captions.
1. The J/ψ photoproduction in resolved-photon interaction.
2. Diagrams used to describe the partonic subprocess c(γ)g → J/ψc.
3. The p⊥ distribution for J/ψ photoproduction at
√
sγp = 200 GeV and all y
⋆. The
solid curve is the direct photon-gluon fusion contribution. The long-dashed curve is
the resolved photon contribution via the g(γ)g → J/ψg subprocess. The short-dashed
curves are the contribution of the charm quark excitation in the photon, the upper
curve corresponds to |tˆ|min = m2c and the lower curve corresponds to |tˆ|min = 4m2c.
4. The y⋆ distribution for the J/ψ photoproduction at
√
sγp = 200 GeV and p⊥ > 7
GeV/c. Notation as in Fig. 3.
5. The total cross section for the J/ψ photoproduction at p⊥ > 7 GeV/c versus
√
sγp.
Notation as in Fig. 3.
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Appendix.
t˜ = tˆ/m2, u˜ = uˆ/m2, s˜ = sˆ/m2
K11 = −4(2s˜t˜− 2s˜+ t˜2u˜− 4t˜2 − 8t˜u˜+ 14t˜+ 7u˜− 106)/(t˜− 1)4 (14)
K12 = 4(s˜
3 − s˜2t˜− 6s˜2 − s˜t˜2 − 2s˜t˜u˜+ 16s˜t˜− s˜u˜2 + 8s˜u˜
−28s˜+ t˜3 − 6t˜2 − t˜u˜2 + 8t˜u˜− 28t˜+ 4u˜2 − 126u˜+ 276)/
((s˜− 1)2(t˜− 1)2) (15)
K13 = 8(s˜
2t˜+ s˜2 + 2s˜t˜2 + s˜t˜u˜− 22s˜t˜+ 7s˜u˜+ 16s˜+
2t˜2u˜− 24t˜2 − 11t˜u˜+ 217t˜− 2u˜2 + 41u˜− 511)/
((s˜− 1)(t˜− 1)2(u˜ − 4)) (16)
K14 = −8(s˜3 + s˜2t˜− 18s˜2 + s˜t˜2 + s˜t˜u˜− 16s˜t˜− s˜u˜2 − 3s˜u˜+
166s˜− 11t˜2 − 5t˜u˜+ 115t˜+ 13u˜2 − 65u˜− 335)/
((t˜− 1)3(u˜− 4)) (17)
K22 = −4(s˜2u˜− 4s˜2 + 2s˜t˜− 8s˜u˜+ 14s˜− 2t˜+ 7u˜− 106)/(s˜4 − 1)4 (18)
K23 = −4(s˜2t˜− 11s˜2 + s˜t˜2 + s˜t˜u˜− 16s˜t˜− 5s˜u˜+ 115s˜+
t˜3 − 18t˜2 − t˜u˜2 − 3t˜u˜+ 166t˜+ 13u˜2 − 65u˜− 335)/
((s˜− 1)3(u˜ − 4)) (19)
K24 = 8(2s˜
2t˜+ 2s˜2u˜− 24s˜2 + s˜t˜2 + s˜t˜u˜− 22s˜t˜− 11s˜u˜+
217s˜+ t˜2 + 7t˜u˜+ 16t˜− 2u˜2 + 41u˜− 511)/
((s˜− 1)2(t˜− 1)(u˜− 4)) (20)
K33 = −16(2s˜2 + 2s˜t˜+ 6s˜u˜− 46s˜+ t˜2u˜− 10t˜2 −
4t˜u˜+ 74t˜+ 2u˜3 − 22u˜2 + 53u˜− 118)/((s˜− 1)2(u˜2 − 4)2) (21)
K34 = −16(2(s˜2 + s˜t˜− 11s˜+ t˜2 + 2t˜u˜− 19t˜+ u˜3 − 9u˜2 + 28u˜+ 11))/
((s˜− 1)(t˜− 1)(u˜2 − 4)2) (22)
K44 = −16(s˜2u˜− 10s˜2 + 2s˜t˜− 4s˜u˜+ 74s˜+ 2t˜2 + 6t˜u˜−
46t˜+ 2u˜3 − 22u˜2 + 53u˜− 118)/((t˜−1)2(u˜2 − 4)2 (23)
K55 = 4(s˜
3 − s˜2t˜+ s˜2u˜− 14s˜2 − s˜t˜2 + 2s˜t˜u˜
+20s˜t˜− s˜u˜2 − 8s˜u˜+ 40s˜+ t˜3 + t˜2u˜− 14t˜2
−t˜u˜2 − 8t˜u˜+ 40t˜+ 2u˜3 + 4u˜2 − 4u˜− 168)/
((s˜− 1)2(t˜− 1)2) (24)
6
K51 = 4(s2
3 + s˜2t˜− 20s˜2 − s˜t˜2 + 2s˜t˜u˜− 12s˜t˜− s˜u˜2
−4s˜u˜+ 168s˜− t˜3 − 2t˜2u˜+ 24t˜2 + t˜u˜2 − 12t˜u˜− 88t˜+ 14u˜2 − 232)
/((s˜− 1)(t˜− 1)3) (25)
K52 = −4(s˜3 + s˜2t˜+ 2s˜2u˜− 24s˜2 − s˜t˜2 − 2s˜t˜u˜+ 12s˜t˜
−s˜u˜2 + 12s˜u˜+ 88s˜− t˜3 + 20t˜2 + t˜u˜2 + 4t˜u˜− 168t˜− 14u˜2 + 232)
/((s˜− 1)3(t˜− 1)) (26)
K53 = 8(4s˜
2 − s˜t˜2 + 22s˜t˜+ 10s˜u˜− 117s˜+ t˜3 + 2t˜2u˜
−26t˜2 − t˜u˜2 + 2t˜u˜+ 69t˜+ 4u˜3 − 29u˜2 + 34u˜+ 80)
/((s˜− 1)2(t˜− 1)(u˜− 4)) (27)
K54 = 8(s˜
3 − s˜2t˜+ 2s˜2u˜− 26s˜2 + 22s˜t˜− s˜u˜2 + 2s˜u˜
+69s˜+ 4t˜2 + 10t˜u˜− 117t˜+ 4u˜3 − 29u˜2 + 34u˜+ 80)
/((s˜− 1)(t˜− 1)2(u˜ − 4)) (28)
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